Purpose: The purpose of this study is to obtain the dosimetric parameters of the new BEBIG 60 Co brachytherapy source following by TG-43U1 recommendation with appropriate electron cutoff energy (0.521 MeV).
Purpose
Eckert & Ziegler BEBIG, GmbH, Germany, introduced a new afterloading brachytherapy machine (MultiSource ® ). It has two options to use either 60 Co or 192 Ir source for high dose rate (HDR) brachytherapy. The dimensions of the sources are about identical. The 60 Co source has an advantage due to its longer half lives (5.27 years). Miniaturized 60 Co source with sufficient activity (70 GBq) is available on afterloading equipment, dedicated to HDR brachythera py. The new 60 Co source (model Co0.A86) referred as new BEBIG 60 Co HDR source is a modified version of the old 60 Co source (model GK60M21) from BEBIG. This study is aimed at obtaining the dosimetry parameters with the TG-43U1 formalism of the American Association of Physicists in Medicine (AAPM) [1] , and with prerequisites of HEBD report [2] . This study is performed using the EGSnrc [3] Monte Carlo transport code (version V4-R2-3-1) with appropriate electron cutoff energy 0.521 MeV (rest of electron energy + 10 keV as kinetic energy), referred as true dose calculation for all subsequent calculations. Meanwhile, some authors have published the relevant dosimetry data with different methodology. Richter et al. [4] have reported a comparison of 60 Co and 192 Ir sources using EGS-Ray Monte Carlo based calculations, and only photon emission has been considered for the simulations. Recently, Selvam et al. [5] have published EGSnrc [3] Monte Carlo based dosimetry data except anisotropy functions, and collision kerma is approximated the dose at the close surface of the source. Moreover, Ballester et al. [6] and Granero et al. [7] have reported GEANT4 based Monte Carlo dosimetry data in accordance with TG-43U1 [1] formalism for the same source. Recently, AAPM and ESTRO published consensus data set for photon-emitting brachytherapy sources and the dosimetric data for the BEBIG 60 Co source with same model are available [2] which was taken from Granero et al. [7] and Selvam et al. [5] . This report consist of radial dose function data, and anisotropy function data are apart from the 0.1 cm and 0.25 cm of radial distances, respectively from the source. This study, the radial dose function data, and anisotropy function data are calculated apart from the 0.06 cm and 0.2 cm of radial distances, respectively from the source. The radial dose function data are calculated with electron cutoff energy 2 MeV and 0.521 MeV, and the calculated data are compared. 2D dose rate data are calculated for Cartesian and Polar coordinate system using the DOSRZnrc [8] 
Material and methods
The specifications of the source geometry and materials are taken from Islam et al. [9] . The BEBIG 60 Co HDR source consists of pure cobalt metal (density of 8.9 g cm -3 ), and is kept inside the source cylinder having diameter 0.05 cm and length 0.35 cm. Radioactive 60 Co material is uniformly distributed inside it. The source core is encapsulated with an AISI 316L stainless steel capsule with 0.1 cm in outer diameter and 0.07 cm in inner diameter. The capsule is 0.5 cm long and connected to a 0.2 cm long steel cable. The capsule thickness is 0.075 cm for both longitudinal side of the 60 Co core and the steel thickness of axial side is 0.015 cm. There is an air gap of 0.01 cm around the axial side of the active source core. The rounded source tip of the real source geometry is modeled as flat with uniform thickness of 0.075 cm stainless steel, because a rounded tip cannot be simulated in DOSRZnrc [5] . The diameter of the source cable is modeled as same as the diameter of source capsule for simplicity. However, this simplification will not notably affect the dosimetry. Figure 1A shows the geometry of the real BEBIG 60 Co HDR source, and Figure 1B shows the model of it used in the Monte Carlo calculations.
The DOSRZnrc [8] is a user code for absorbed dose calculation of EGSnrc [3] based Monte Carlo transport code system. This code is used for the calculation of absorbed dose rate distribution around the new BEBIG 60 Co source. Two photon energies, 1.17 and 1.33 MeV are considered for 60 Co source, and in each disintegration two photons/(Bq s) are generated on average. The photon energy spectrum file (bareco60.spectrum) [8] has been used for these simulations. For the absorbed dose rate calculation, the source is positioned at the centre of a cylindrical unbounded water phantom of dimensions 200 cm (diameter) × 200 cm (height).
The density of water considered is 0.998 g/cm 3 at 22°C [1] . In order to provide adequate spatial resolution, the cells are 0.01 cm thickness for r < 2 cm, 0.05 cm for 2 < r < 5 cm, 0.1 cm for 5 < r < 10 cm and 0.2 cm for r > 10 cm from the source [2, 10] . The dose rate values are calculated in different positions of the water phantom with polar and Cartesian co-ordinates for different position of the water phantom. The true dose rate is calculated for all points of interest, and these values are used to calculate TG-43U1 parameters [1] e.g., radial dose function and anisotropy function. Up to 5 × 10 9 primary photon histories are simulated to obtain dose rate data. The cut-off energy for photon and electron transport are 0.001 MeV, and 0.521 MeV, respectively, as maintained in the dose rate calculations for all radial distances. XCOM photon cross-section library is used in subsequent simulations. Consequently, photoelectric effect, pair production, Rayleigh scattering and bound Compton scattering are included in simulation. No variance reduction techniques are used in the simulations. The contribution of primary electron to the dose is not considered, i.e. no beta spectrum is simulated. The value of air-kerma strength, S k /A (= 3.039 × 10 -7 ± 0.41% U Bq -1 ) and dose rate constant, Λ (= 1.097 ± 0.12% cGy h -1 U -1 ) are taken from Islam et al. [9] . The authors calculated the air-kerma per initial particle at 100 cm distance from the center of the source as per AAPM TG-43U1 recommendations [1] . The mass energyabsorption coefficient for dry air was taken from the latest NIST compilation [11] . The photon fluency spectrum at 5 keV intervals was scored along the transverse axis for the point of 100 cm distance. The user-code FLURZnrc [3] was used to calculate the differential fluency spectrum in the calculation grid per initial photon in the simulation. To estimate the air-kerma strength, the source is kept in an unbounded cylindrical air phantom, and the kerma was scored for a 0.2 cm thick and 0.1 cm high cylindrical ring cell, located along the transverse source axis. 
Results
In the present work, the radial dose functions are calculated for the distance of 0.06 cm to 100 cm from the source centre for BEBIG 60 Co HDR source considering electron cutoff energy 0.521 MeV and 2 MeV. Figure 3 shows the graphical comparison of the radial dose function with consensus data set [2, 5] . Figure 4 shows the polynomial curve along with the data points to present the radial dose function for BEBIG 60 Co HDR source. The polynomial coefficient values are shown in Table 2 . A) 0.50 cm, B) 1.00 cm, C) 3.00 cm, D) 5.00 cm, E) 10.00 cm, F) 15.00 cm with the literature data from Granero et al. [7] EGSnrc Monte Carlo-aided dosimetric studies T Ta ab bl le e 4 4. . Along away dose rate data for BEBIG 60 Co HDR source (cGy h -1 U -1 ). The origin is chosen at the center of the 60 Co core and the negative values of distance are placed on the side from origin to the source tip and the positive values for other side source are compared with GEANT4 Monte Carlo based published value for different radial distances by Granero et al. [2, 7] . Good agreement with the published data was observed except the values less than 40° angle at 0.5 cm distance. This location is the corner of the source tip. Figure 5 shows the graphical comparison of the anisotropy functions for different distances. Along-away 2D dose rate data is presented in Table 4 for TPS quality assurance purposes. The statistical uncertainties (Type A) on the calculation are estimated have a coverage factor k = 1. This is depending on the location of calculation points, calculating grid size, and number of histories simulated. The uncertainties were obtained 0.1% at r < 0.2 cm, 0.3% at 0.2 < r ≤ 1 cm and 0.7% at 1 < r cm on average.
Discussions
The radial dose function for BEBIG 60 Co HDR source was calculated from 0.06 cm to 100 cm of radial distances. The values of the function from 0.06 cm to 0.16 cm are low and these values gradually increased up to 0.3 cm radial distance. However, it sharply decreased with longer distances.
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The radial dose function values are compared with the values of consensus data set reported by Selvam et al. [2, 5] using EGSnrc code system, and it is in good agreement with the published data for the range. The data for < 0.1 cm is not available in consensus data set, and extrapolated value is included for 0 distances which is the same as the value of 0.1 cm. In this study, the obtained values are strictly fall-off to < 0.1 cm distances.
The equation for radial dose function, g L (r) = a 0 + a 1 r + a 2 r 2 + a 3 r 3 + a 4 r 4 + a 5 r 5 corrects a typographical error in the original TG-43U1 protocol [12] . Here, g L (r) is denoted the radial dose function for the point r and a 0 , a 1 , a 2 , a 3 , a 4 , a 5 is polynomial coefficients up to 5 th order. While table lookup via linear interpolation or any appropriate mathematical model fit to the data may be used to evaluate g X (r), some commercial treatment planning systems currently accommodate a fifth-order polynomial fit to the tabulated g(r) data. Since this type of polynomial fit may produce erroneous results with large errors outside the radial range used to determine the fit, alternate fitting equations have been proposed which are less susceptible to this effect. The parameters a 0 through a 5 are fitted, so that the calculated radial dose function from the polynomial curve within ± 2% compared with original data in Table 1 T Ta ab bl le e 4 4. . Cont.
EGSnrc Monte Carlo-aided dosimetric studies 0.2 cm to 60 cm. The electron cutoff energy influenced dosimetry at the close region of the source due to considering the contribution of betas. In case of catheter based interstitial brachytherapy, higher values of radial dose function (2.36% from 0.2 cm to 0.8 cm of radial distances) may significant affect in radial dose distribution in clinical relevant situation. The anisotropy functions are calculated with varying radial distances and angles. Some of the points in the table are data blank, which are situated within the source encapsulation or in the source core. The anisotropy functions for BEBIG 60 Co HDR source are compared with GEANT4 Monte Carlo based published value for different radial distances by Granero et al. [7] . The significant difference is noted with 0.5 cm of radial distance including polar angle less than 40 o , which could be mainly derived from the influence of geometry model (the tips of the source and encapsulation). In this case, our results are quite high in the longitudinal edge region of the source encapsulation. The authors calculated kerma to approximate the dose for the points where electronic equilibrium exists, and the cutoff energy of 10 keV was used for both photons and electrons.
The along-away 2D dose rate data are presented for 20 cm apart from the source center. Selvam et al. [5] reproduced the Granero et al. [7] study using the EGSnrc code, obtaining only an away-along table. The comparison of away-along tables from both studies reveals that at y = 0.25 cm and z = -0.25, z = 0, and z = 0.25 cm the Granero et al. [7] data are underestimated [2] . The published values by Selvam et al. [5] are in good agreement with the values obtained from this study. But the values reported by Granero et al. [7] are 6.5%, 8.5% and 5.2% lower than the values obtained from this study, respectively.
Conclusions
In this study, the dosimetric data for new BEBIG 60 Co source (model Co0.A86) is obtained for an unbounded liquid water phantom. Electron contribution is considered with appropriate cutoff energy for absorbed dose calculations throughout the study using EGSnrc-based DOSRZnrc user code.
